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Temporal integration in the visual system causes fast-moving objects to gen-
erate static, oriented traces (‘motion streaks’), which could be used to help
judge direction of motion. While human psychophysics and single-unit
studies in non-human primates are consistent with this hypothesis, direct
neural evidence from the human cortex is still lacking. First, we provide
psychophysical evidence that faster and slower motions are processed by
distinct neural mechanisms: faster motion raised human perceptual
thresholds for static orientations parallel to the direction of motion, whereas
slower motion raised thresholds for orthogonal orientations. We then used
functional magnetic resonance imaging to measure brain activity while
human observers viewed either fast (‘streaky’) or slow random dot stimuli
moving in different directions, or corresponding static-oriented stimuli. We
found that local spatial patterns of brain activity in early retinotopic visual
cortex reliably distinguished between static orientations. Critically, a multi-
variate pattern classifier trained on brain activity evoked by these static
stimuli could then successfully distinguish the direction of fast (‘streaky’)
but not slow motion. Thus, signals encoding static-oriented streak infor-
mation are present in human early visual cortex when viewing fast
motion. These experiments show that motion streaks are present in the
human visual system for faster motion.1. Introduction
Blurred lines or ‘motion streaks’ along the trajectory of a moving object have
long been used in art and photography to illustrate fast motion (figure 1a).
More recently, it has been suggested that these streaks, which occur in the
visual system due to temporal integration [2], could be used to resolve inherent
ambiguities in motion direction perception [1] (figure 1b). Specifically, the
orientation of a static motion streak carries information about motion direction.
Consistent with this, neurons in macaque V1 respond increasingly strongly to
orientations parallel to their preferred direction of motion with increasing
speed [3], which tallies with other reports of speed-related variations in
directional selectivity in these neurons [4–6]. In humans, parallel-oriented
noise impairs direction discrimination [7], and ‘streaky’ motion causes effects
very similar to those found in the classical orientation literature [8–10]. How-
ever, there is hitherto little physiological evidence of any involvement or
indeed the presence of streaks in human motion direction perception. In par-
ticular, there has not been evidence for motion streaks in retinotopic early
visual cortices sensitive to static stimulus orientation.
oriented, non-direction-selective cell
output×
perpendicularly oriented,
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Figure 1. Motion streaks in art and vision. (a) Motion streaks are often used in photography and art to give a strong impression of fast motion within a scene.
Photograph by Tod Klassy, sourced from www.flickr.com and reproduced with permission. (b) Geisler’s [1] model of how a motion streak might be combined with a
motion signal in early cortex to provide a code for motion direction. Specifically, a direction-selective V1 cell (giving the sign of motion direction) might combine its
output with that of a cell selective for static orientation, which would respond to the temporally integrated motion streak, giving fine angular resolution and solving
the aperture problem [1].
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implicitly assume processing in early vision by units most
sensitive to orientations orthogonal to their preferred direc-
tions, and that networks of these units pass their output to
higher motion areas such as hMTþ/V5, which is strongly
responsive to motion compared with static stimuli [11–13].
However, if orientation-selective mechanisms parallel to
motion direction (i.e. motion streaks) in early human visual
processing (e.g. V1, V2) contribute to the perception of
motion [1] (figure 1), then these early neuronal populations
should show selectivity for static-oriented stimuli parallel to
the direction of motion. Psychophysical adaptation studies
assume that neurons sharing selectivity for a stimulus will
show reduced response to a subsequently presented stimulus
that is detected by the same population of neurons. Thus, we
hypothesized that if faster motion is more likely to be
detected by neurons tuned to parallel orientations, then
adapting to faster motion should raise detection thresholds
for parallel static orientations. Meanwhile, multi-voxel pat-
tern analysis (MVPA) can reveal selectivities for orientation
and direction of motion of visual stimuli from population
fMRI responses by exploiting information contained by the
spatial pattern of signals in a brain region [14–16].
To test whether these distinct neural effects of faster and
slower motion existed in the human brain, we first performed
a psychophysical adaptation study testing contrast threshold
elevation for static-oriented patterns after viewing fast or
slow motion. To anticipate our findings, after prolonged
adaptation to faster motion, thresholds were elevated more
for patterns parallel to motion direction, but, crucially, adap-
tation to slower motion elevated thresholds for orthogonal
patterns. In a second experiment, using fMRI MVPA, we
then investigated whether ‘motion streaks’ contributed to
motion processing in the human brain by testing whether
activity patterns in neuronal populations selective for orthog-
onal static orientations might be sufficient to determine the
direction of motion of faster (but not slower) moving stimuli
that produced ‘motion streaks’ with the same orientations
(and vice versa). To test this, we measured activity in retino-
topic cortical areas V1–V3 and V5/hMTþ during perception
of static-oriented stimuli as well as faster- and slower-moving
stimuli. We found that a classifier trained on patterns of
brain activity while viewing static-oriented stimuli could suc-
cessfully decode the direction of dot stimuli moving fastenough to form streaks, but not those moving at speeds
below the streak threshold.2. Methods
(a) Experiment 1: psychophysics
(i) Participants
Eight experienced psychophysical observers (three female), aged
between 27 and 46 years, all of whom had normal or corrected-
to-normal vision, gave informed consent to participate in the
experiment that was approved by the local ethics committee.
Two were authors and the other six were naive to the purpose
of the experiment.
(ii) Apparatus
Stimuli were programmed in MATLAB (v. 7.4), using the Psycho-
physics Toolbox [17,18]. Participants viewed the stimuli on a
Sony Trinitron multiscan G500 2200 CRT monitor with a screen
resolution set to 1024  768 pixels and a vertical refresh rate of
100 Hz, controlled by a Mac Pro computer with a dual-core
Intel Xeon processor. A Cambridge Research Systems Bitsþþ
digital-to-analogue converter was used to provide 14-bit resol-
ution in order to enable precise measurement of low-contrast
thresholds. The monitor was gamma-corrected in the software
to achieve linearity of output. Observers viewed all stimuli
from a distance of 57 cm.
(iii) Stimuli and procedure
Participants viewed the stimuli binocularly, using a standard
chinrest. Adapting stimuli were composed of two drifting
random dot displays, each composed of 80 Gaussian blobs
with a standard deviation (s.d.) of 0.088, giving a dot diameter
(defined as 4  dot s.d.) of 0.328. Half of the dots were dark
and half were light, drifting with 100 per cent coherence on a
mid-grey background. Maximum and minimum dot luminances
were 67.3 and 0.26 cd m22, and background luminance was
33.8 cd m22. Faster dots drifted at 13.028 s21, whereas slow
dots drifted at 1.638 s21. Respectively, these speeds were well
above and well below the speed of dot motion purported to
be critical to the generation of motion streaks, known as Geisler’s
critical streak speed [1,10]. Dot speed was controlled by manip-
ulating the pixel step size for each video frame. The procedure
is illustrated in figure 2. Adapting dots were presented in two
virtual circular apertures 4.888 in diameter, 3.818 to the left and
adapt (45 s)
(a) (b)
top-up adapt (6 s)
test: L or R?
+
+
+
+
+
time
+
time
Figure 2. Schematic of the procedure for the psychophysical experiment. Participants adapted to vertical motion, either faster (13 m s21) or slower (1.6 m s21)
than the streak threshold for dots of this size. They were then asked to detect a low-contrast grating, either parallel (a) or orthogonal (b) to the direction of motion,
which appeared either to the left or to the right of fixation, in the same retinal location as the adapting dots. Contrast of the test grating was controlled by a QUEST
adaptive staircase; see §2 for full details.
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During the test phase, the fixation cross-changed to black and
the test stimulus (a low-contrast sinewave gratingwith a spatial fre-
quencyof 1.54 cycle per degree) appeared briefly either in the left or
in the right aperture. The subject’s task was to indicate whether the
low-contrast test grating appeared in the left or right aperture. Sub-
jects initially adapted for 42 s to the motion stimuli, 200 ms after
which the test grating appeared for 10 ms and the subject keyed
their response (‘left’ or ‘right’). Subsequent trials involved 6 s of
top-up adaptation. Test stimuli were either parallel or orthogonal
to the direction of motion, in separate blocks. Contrast of the test
stimulus was manipulated in two interleaved adaptive staircases
using the QUEST procedure [19] to determine subjects’ contrast
thresholds for grating detection after adaptation. In a control con-
dition, unadapted thresholds were obtained by removing the
adapting dots. Threshold elevation was measured in decibels, as
given by equation (2.1):
A ¼ 20 log10
Tadapted
Tunadapted
 
: ð2:1Þ
(b) Experiment 2: fMRI pattern classification
(i) Participants and experimental design
Eight neurologically healthy adult volunteers (three females) with
normal or corrected-to-normal vision aged between 25 and 42
years gave informed consent to participate in this study. All pro-
cedures were approved by the local ethics committee. Stimuli
were generated in MATLAB (v. 7.4, Mathworks) and presented in
the scanner on a NEC LT158 data projector and viewed on a
mirror mounted on the head coil. Therewere six different stimulus
conditions (three stimulus types: static, slow, fast  two orien-
tations/directions: 458 or 1358). Each condition occurred once
within each run, presented in a randomized block design (22.4 s
block duration), interleaved with 16 s blank fixation blocks
(figure 4a). Overall, 10 runswere presented per participant. Partici-
pants viewed the stimuli while performing a fixation-dimming
task. All stimuli were presentedwithin a circular annulus, softened
at the edges with a cosine ramp, with an inner radius of 28 and an
outer radius of 88 (figure 4a); an additional 18 gapwas added along
the vertical midline to assist in localizing the borders of V1 andV2.
Motion stimuli were 250 black and white Gaussian blobs, each
with a standard deviation of 0.148, giving a nominal ‘dot width’
(4  dot s.d.) of 0.558. Dots moved at either 11.38 per second
(fast) or 2.38 per second (slow), either upwards to the left (1358)
or upwards to the right (458; figure 4a). We used these orientationsrather than vertical and horizontalmotion/orientation to avoid the
well-known horizontal bias [20,21], which could have artificially
elevated the classification accuracies. Speeds were slightly closer
together than the speeds in the psychophysical experiment to
maximize the possibility of finding similarities between faster
and slower motions while remaining on either side of the critical
streak speed. Oriented stimuli were composed of randomly gener-
ated noise stimuli, filtered in the Fourier domain in both
orientation and spatial frequency to give orientations of 458 and
1358, with a one-octave bandwidth of spatial frequencies centred
around 1.36 cycle per degree (figure 4a), and a 7.58 bandwidth of
orientations. Stimuli were presented in 750 ms intervals, followed
bya 250 ms blank period.Motion and orientation stimuliwere ran-
domly generated for each interval, to avoid local contrast cues
biasing the results.
(ii) Display checks
Prior to the experiment, we determined whether there was any
temporal blurring on the display that might cause actual streaks,
because LCD projectors can show sluggish response times. To
characterize the response time of the projector in the most accu-
rate manner possible, we measured the luminance from the
projector with a photodiode (sampling rate: 500 Hz) inside the
scanner, using the actual luminance values to be presented
during the experiment. We measured the response time as the
display changed from grey to black, black to grey, grey to
white and white to grey. None of these response times exceeded
4 ms, and thus we were confident that motion blur artefacts on
the screen would not be present during the experiment.
(iii) fMRI acquisition
Functional data were acquired on a Siemens Allegra 3T MRI scan-
ner, using a standard transmit/receive single-channel (birdcage)
head coil with a single-shot gradient echo isotropic high-resolution
EPI sequence (matrix size: 128  128; FOV: 192  192 mm2;
in-plane resolution: 1.5  1.5 mm2; 32 oblique transverse slices
with interleaved acquisition; slice thickness: 1.5 mm, no inter-
slice gap; TE: 30 ms; acquisition time per slice: 100 ms; TR:
3200 ms; echo spacing: 560 ms; receiver bandwidth: 250 kHz;
30% ramp sampling; twofold read oversampling to allow for
k-space re-gridding; read gradient amplitude: 34.47 mT m21;
read gradient slew rate: 344.7 mT m21 ms21; flip angle a ¼ 908).
Slices were angled at 308 to maximize coverage of the calcarine
sulcus and the occipital lobes. Seventy-seven images were acqui-
red in each run of the main experiment. In addition, we also
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Figure 3. Mean results from the psychophysical adaptation experiment for
eight participants. Error bars denote +1 s.e.m. There was a significant
interaction between orientation and speed, F1,7 ¼ 39.29, p, 0.001; see
§§3 and 4 for details. Black bars, parallel; grey bars, orthogonal.
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Further, we acquired two runs of retinotopic mapping. Each ses-
sion comprised five alternating blocks of 10 volumes stimulating
the vertical and horizontal meridians with flickering checkerboard
wedges (frequency¼ 6.2 Hz, horizontal diameter¼ 138); vertical
diameter ¼ 118 followed by rest (grey background) blocks of six
images. Finally, we also acquired runs of a motion localizer show-
ing random dot stimuli comprising black andwhite dots on a grey
background presented within a circular aperture around fixation
(diameter: 11.58). In alternating blocks of six images, we showed
either translating motion (half of the dots translated in opposite
directions) or static dot stimuli. For the motion stimuli, the direc-
tion changed at random every 800 ms (all directions from 08 to
3458 with 158 increments). For the static stimuli, a new random
dot stimulus was presented every 800 ms.
(iv) Initial data analysis
Data were analysed using SPM5 (http://www.fil.ion.ucl.ac.uk/
spm/). We discarded the first five images of each scanning run
to allow for magnetic saturation. After this, images were re-
aligned and coregistered to the individual structural scans for
each participant, and data were spatially smoothed using a
4 mm full width at half maximum (FWHM) kernel. For the
second-level group analysis, images were spatially normalized
to the MNI template. For the univariate analysis and the localizer
sessions, a general linear model was fitted to the data using
regressors for each of the experimental conditions and covariates
of no interest for the motion parameters. Regions of interest were
delineated manually using software Freesurfer (http://surfer.
nmr.mgh.harvard.edu) by first segmenting the structural scan
for each participant and reconstructing an inflated mesh of the
boundary between grey and white matter to project the acti-
vations from the localizer runs onto this surface. For
retinotopic mapping, we contrasted the response to vertical
and horizontal meridian stimulation, and drew the boundaries
of areas V1–V3 along the peaks of the positive and negative acti-
vations. We defined V5/hMTþ by contrasting the response to
moving and static stimuli and selecting the cluster of significant
voxels in lateral occipital cortex. A control region, where above-
chance decoding would not be expected, was defined in frontal
cortex for each participant in an area that showed no stimulus-
specific activity, as defined by contrasting the response to all con-
ditions with fixation rest blocks. Binary volume masks for each
region of interest (ROI) were then generated by projecting the
grey matter voxels that fell within a region back from the surface
into the native volume for each participant.
(v) Multi-voxel pattern decoding
We first normalized the data from each run by calculating the
z-score for each voxel across the time series from each run. Sub-
sequently, we averaged the images from each stimulus block after
shifting the time series by 1 TR (3.2 s) to account for haemodynamic
lag. To decode the orientation/direction, we extracted the voxels
from each ROI for each block average and vectorized them. These
vectors constituted the pattern of voxel activity for each stimulus
block.A class labelwas assigned to eachpattern to indicatewhether
its orientation/direction was 458 or 1358, and from which of the
three stimulus types (static, slow-moving, fast-moving) it origi-
nated. We used a standard leave-one-run-out cross-validation
procedure for decoding. Briefly, we trained a linear support
vector machine [22,23] to distinguish the orientation/direction
labels of voxel patterns from nine out of the 10 runs, and sub-
sequently tested whether the algorithm could classify the labels
of voxel patterns in the final, independent test run. This procedure
was repeated using each of the 10 runs as test data. Decoding per-
formance for each participantwas then calculated as the proportion
of classifications across all cross-validations in which the test labelswere assigned correctly. Consistent with previous reports [24,25],
qualitatively similar results were obtained when using other
classifiers (pattern-correlation and linear discriminant analysis;
see electronic supplementary material for details).
We tested for successful decoding in a region by testing
whether decoding performance was significantly different from
chance using a statistical threshold of p, 0.05 corrected by the
number of ROIs tested (i.e. p , 0.01). While we had a prior
hypothesis of successful decoding in motion streak information
in early visual cortex, this was necessary as the number of
comparisons could otherwise have inflated false-positive rates.
To further support any findings of decoding significantly
above-chance levels, we also conducted a permutation analysis
to estimate the breadth of the distribution of decoding accuracies
that could be expected by chance. In 50 000 independent iter-
ations, we generated a simulated data sample under the exact
conditions as in the experiment (i.e. eight participants, 10 runs,
two trials per run) but where the probability of correct decoding
in each trial was 0.5. This determined that the 95% CI of the
chance distribution was between 0.425 and 0.575.3. Results
(a) Experiment 1: psychophysics
First, we tested the psychophysical effects of adapting to
faster or slower motion, respectively, on contrast thresholds
for detecting-oriented stimuli. We predicted that, if streaks
are encoded by the same mechanisms that encode static
orientations parallel to the direction of fast motion, then we
would subsequently find elevated thresholds for detecting
static patterns parallel to the adapting faster motion, relative
to orthogonal thresholds. But crucially, if slower motion is
encoded by neurons whose preferred orientation is orthogonal
to their preferred direction [5,26–28], then we expected
instead to see the opposite pattern after adaptation to slow
motion. Participants adapted for 40 s, followed by 10 s top-
up adaptation periods, to stimuli on either side of fixation
that were moving in an upwards direction, at either slow or
fast speeds (see §2 for details). We measured thresholds for
the detection of a low-contrast grating presented either to
the left or to the right of fixation, and calculated threshold
elevation in decibels (see equation (2.1)) for eight participants.
Mean threshold elevations are plotted in figure 3.
Consistent with our hypothesis, we found psychophysical
evidence that participants’ thresholds for the visibility of
orientation
slow motion
fast motion
stimulus (22.4 s)(a)
(b)
(c)
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Figure 4. Procedure for the fMRI experiment and univariate results. (a) Schematic of the block design within each scanning session. (b) Statistical parametric maps
from a single representative participant overlaid on a three-dimensional reconstruction of a T1 template brain in the stereotactic space of Talairach & Tournoux [29].
Red colours indicate those cortical loci that showed greater BOLD responses to faster compared with slower motion. A threshold of p, 0.001 (uncorrected) is used
for display purposes. Green regions showed greater responses to slow motion than oriented stimuli ( p, 0.001). (c) Mean per cent BOLD signal change (relative to
global mean) in each region of interest, averaged over eight participants. Error bars denote +1 s.e.m.
Table 1. Univariate region of interest (ROI) analysis: t-values for paired t-tests between motion and orientation conditions in each ROI, averaged over the eight
participants. p-Values are shown in parentheses, Bonferroni-corrected for multiple comparisons.
V1 V2 V3 hMt1/V5
fast. slow 3.07 (0.07) 3.98 (0.02) 4.38 (0.01) 2.52 (0.15)
slow . ori. 2.43 (0.18) 4.11 (0.02) 2.30 (0.22) 2.67 (0.12)
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to faster (streaky) and slower (non-streaky) motion. Adapting
to faster motion caused significantly greater threshold
elevations for stimuli parallel to the motion direction,
whereas adapting to slower motion caused greater elevation
for orthogonal stimuli. There was a significant main effect of
speed, F1,7 ¼ 11.55, p ¼ 0.011, and a significant interaction
between speed and orientation, F1,7 ¼ 39.29, p, 0.001.
Importantly, threshold elevation was higher for parallel
than for orthogonal gratings after adapting to faster motion
( p, 0.05, corrected), but after adapting to slower motion,
orthogonal thresholds exceeded parallel ( p, 0.05, corrected).
(b) Experiment 2: fMRI
(i) Univariate analysis
We acquired high-resolution (1.5  1.5  1.5 mm3) blood
oxygen-level dependent (BOLD) images from retinotopic
cortical areas V1–V3 and V5/hMTþ (localized on aper-participant basis in independent scans) while partici-
pants viewed static-oriented stimuli (458 or 1358) or faster
(‘streaky’) and slower random dot stimuli moving in cor-
responding directions (figure 4a). Using conventional
univariate analyses (see §2), we compared the activation by
the three stimulus types in each of these regions. The fMRI
response to faster motion was generally stronger. There was
a main effect of speed, F2,14 ¼ 26.1, p, 0.001, and also of
ROI, F3,21 ¼ 4.62, p ¼ 0.012. There was also a significant inter-
action between speed and ROI, F6,42 ¼ 2.839, p ¼ 0.021.
Strikingly, however, the response in almost all the early
visual areas to slower motion was comparable to that to
oriented stimuli. Only in V2 did we observe significantly
greater responses to slower motion than to oriented stimuli,
whereas the response in V5/hMTþ did not differ between
the two speeds of motion (see table 1 for more detail on
these comparisons). Taken together, these data show that
early visual cortex responded more strongly to faster than
to slower motion, while V5/hMTþ was activated similarly
0.8(a) (b) (c)
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Figure 5. Mean decoding accuracy across eight participants for five regions of interest. (a) Results for decoding the orientation of static stimuli (458 versus 1358) for
stimulus-responsive regions in early retinotopic visual cortex plus V5/hMTþ and a control region in prefrontal cortex. (b,c) Results for decoding of faster and slower
motion. (d,e) Training the classifier on discriminating orientation but testing it by discriminating the direction of faster motion (d ) or vice versa (e). ( f ) Training the
classifier to discriminate the orientation, but testing it on slower motion. (g,h) Generalizations for faster-to-slower and slower-to-faster motion. (i) Generalization
from slower motion to orientation. The dashed line indicates chance performance, and the shaded region indicates its 95% CI (see §2 for details). Error bars denote
+1 s.e.m. Asterisks indicate regions where decoding accuracy was significantly ( p, 0.01, two-tailed t-test) different from chance performance.
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moving stimuli may thus contribute to the responses of
early visual areas (V1–V3) to these stimuli.
It was important to show that changing the orientation (of
the static stimuli) or the direction of motion (of the moving
stimuli) did not produce differences in activation at the univari-
ate level, as this would render any MVPA redundant. We
compared the per cent signal change in each individually
defined region for 458 and 1358 conditions for fast, slow and
static stimuli. There were no significant differences in overall
brain activity in any of these areas (all p-values. 0.1,
corrected; see the electronic supplementarymaterial, for details).(ii) Multi-voxel pattern analysis
We reasoned that if motion streaks were involved in the pro-
cessing of moving stimuli, then response patterns in neuronal
populations selective for static orientations should be suffi-
cient to determine the direction of motion of faster-moving
stimuli that produced ‘motion streaks’ at the same orien-
tations. At the same time, such static orientation signals
should not be sufficient to predict the direction of non-streaky
motion produced by slower-moving stimuli. We therefore
used MVPA, which can decode the orientation and direction
of motion of visual stimuli from population fMRI responses
by exploiting information contained by the spatial patternof signals in a brain region [14–16]. We trained a linear sup-
port vector machine classifier [22,23] on activity evoked by
the stimuli in early retinotopic cortices to decode the direction
of motion or the orientation of the different stimulus types
(see §2 and electronic supplementary material for details).
We found that spatially distributed response patterns
in all of the early retinotopic visual areas V1 (t7 ¼ 3.51,
p ¼ 0.0099) and V2 (t7 ¼ 5.29, p ¼ 0.0011) were sufficient
to decode the orientation of the static stimuli significantly
( p, 0.05, corrected for number of ROIs) better than chance
(figure 5a). However, it was not possible to reliably decode
the orientation of the static stimulus from voxel patterns in
V3, V5/hMTþ or our control region, a frontal area defined by
the absence of any stimulus-specific response (all ps. 0.05, cor-
rected for multiple comparisons). This is consistent with
previous findings of robust encoding of orientation in the pat-
tern of activity across voxels in early visual cortex [14,16], but
not in V5/hMTþ [14]. However, we did not observe significant
decoding for the direction of motion for dot stimuli moving at
either slower or faster speeds (figure 5b,c).
We next tested whether classifiers trained in this way on
static-oriented patterns would generalize to moving patterns,
even though the static stimuli contained no motion infor-
mation (either explicit or implied). We found training
classifiers to distinguish static orientations generalized well
to decoding the direction of faster motion at a level
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V2 (figure 5d ). Training classifiers to distinguish faster
motion directions and testing on orientation produced very
similar results (figure 5e). By contrast, we observed no
significant generalization from orientation to decoding the
direction of slower motion, or vice versa, in any of the regions
(figure 5f,i; all ps . 0.05). A repeated-measures ANOVA on
the classification accuracies in all visual areas for training
on static orientations and testing on faster compared with
testing on slower motion (figure 5d,f ) showed a signifi-
cant main effect of speed, F1,7¼ 12.003, p ¼ 0.01, but no
main effect of ROI ( p ¼ 0.88) and no significant interaction
( p ¼ 0.43). Finally, we did not observe any significant decod-
ing in the control region in frontal cortex in any of these
comparisons (all ps . 0.05). To further support these decod-
ing results, we also determined the confidence interval
for chance performance (shaded bars in figure 5; see §2 for
details). Clearly, only the accuracies for orientation decoding
in V1 and V2, as well as the generalization tests between
orientation and fast motion in V2, are significantly different
from chance.
In summary, our results support the hypothesis that
motion streaks caused by faster motion are encoded in retino-
topic visual cortex [3] by neural mechanisms selective for
static-oriented patterns. Moreover, the absence of successful
generalization between the two speeds indicates that the
neural representation of direction differed between slow-
and fast-moving stimuli. The fact that voxel response patterns
produced by static stimuli are informative about the direction
of fast motion is consistent with the notion that motion
streaks play a role in encoding direction of motion. Moreover,
our results were independent of the algorithm used for
MVPA, as we found comparable results when we used a
simple pattern-correlation classifier (see the electronic sup-
plementary material for details), thus showing that our
findings were robust to testing with different classification
algorithms [24].(iii) Eye movements and behavioural data
We measured eye movements to check that participants were
fixating accurately, and not tracking the motion, which could
have led to systematic differences between the conditions.
However, no differences between any of the conditions
were seen in the eye-movement patterns (see electronic
supplementary material for details). We also measured par-
ticipants’ performance on the fixation-dimming task (where
they were asked to press a button every time the fixation
cross-changed colour), to check for any differences in overall
alertness between the conditions. Again, no systematic differ-
ences were found (see the electronic supplementary material
for details).4. Discussion
Here, we provide both psychophysical and physiological
evidence for different processing of faster and slower motions
in the human brain. Specifically, our fMRI results, using a
conservative correction for multiple comparisons, showed
successful generalization from training the decoding of
static-oriented stimuli to testing the decoding of direction of
faster (but not slower) motion in area V2, whereas ourpsychophysical results suggest that faster and slower motions
may be processed by distinct neural substrates.
Our psychophysical results provide evidence that the neural
signature of adaptation to faster and slower motions is quite
different; slower motions adapted orthogonal orientations,
whereas faster motions adapted parallel orientations. This is
in line with single-neuron recording [3] and optical imaging
[6] studies, and, unlike previous psychophysical studies,
shows a clear dissociation between the effects of faster and
slower motion, which implies that slower motion does not
merely have less effect owing to a weaker signal. We reasoned
that if faster motion was adapting populations of orientation-
selective cells in early cortex, then cross-selectivity of these
populations might account for previous successful decoding
of motion by MVPA in early cortex, but not, paradoxically, in
higher motion-selective areas [15,30].
The fMRI findings provide direct evidence for neural cor-
relates of motion streaks in early human retinotopic visual
cortex. Although previous work [31] has shown that human
V5/hMTþ responds to coherent Glass patterns, consistent
with the motion streak hypothesis, earlier visual areas
(where streaks are thought to be formed) have not previously
been explored. It should be pointed out that recent research
on the human motion complex [32,33] reveals that human
motion-processing areas are less analogous to monkey MT
than previously assumed, and that the area designated as
hMTþ is selective for shape as well as for motion [34]. In
spite of that, we did not observe decoding of motion direction
from V5/hMTþ .
It is interesting that our main analysis did not replicate
the result of Kamitani & Tong [15] in decoding motion
from visual cortex activity using classifiers trained on
motion (faster or slower). Our classifier analyses replicated
only the ability to classify static-oriented stimuli [14,16].
There are several possible reasons for this. First, as pointed
out earlier, previous work has used hard-edged-moving dot
stimuli, which are spatially broadband and would have pro-
duced streaks over a wide range of spatial frequencies. By
contrast, here we used Gaussian blob stimuli, which are
spatially narrowband. Thus, if streak information were essen-
tial for successful decoding, previously used motion stimuli
would contain streaks over a much wider range of spatial
scales than our narrowband Gaussian blobs, which might
have provided more streak information for decoding.
Second, because receptive field sizes for motion are larger
than those for orientation [35], and motion receptive fields
are also estimated to be larger for lower spatial frequencies
[36], it is possible that motion information for these relatively
low spatial frequencies was not available at a large enough
scale. Similarly, although we replicated previous studies
[14,16] showing significant decoding of static orientation
stimuli from V1 and V2, we did not observe significantly
above-chance decoding of orientation from V3. This may
also be due to differences in the stimuli used; previous
work used broadband square-wave gratings as opposed to
the relatively narrowband filtered noise patterns we used
here. This may have reduced the orientation-selective signal
somewhat when compared with previous experiments and
may have biased our results towards V1 and V2. Importantly,
the successful decoding of motion from purely static-oriented
stimuli that we observed was qualitatively similar across
different classification methods (figure 5 and electronic
supplementary material, figure S3), survived reversal of
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orientation) and thus provides clear evidence for motion
streaks. The absence of significant decoding of motion
alone thus may also indicate that the motion streak signal
itself was very weak; it is only possible to reliably generalize
between ‘streaky’ motion and static-oriented stimuli.
Our findings show that motion streaks are speed-
dependent, raising the intriguing possibility that earlier
claims for successful decoding of motion direction from pat-
terns of brain activity [15,30] might in fact rely on motion
streaks. In these studies, dots moved at speeds above the
streak threshold [1,10]. Both studies also found much better
decoding in early visual cortex than in V5/hMTþ, which
was attributed to the lower number of voxels in V5/hMTþ.
Our findings raise the alternative possibility that superior
decoding in early visual areas might result from decoding
of motion streaks activating orientation-selective neurons in
these areas. Interestingly, in Kamitani & Tong’s [15] second
experiment (decoding attended direction), which used rotat-
ing motion stimuli where motion streaks would not have
been informative, the level of decoding in V5/hMTþ was
much higher relative to earlier areas. No previous decoding
study has used motion below 28 per second, although pre-
vious studies reported robust BOLD signals to motions at
these speeds [37] and we also observed this in our study
(figure 4). Thus, the difficulty in decoding slow motion in
our study might reflect the fact that previous successful
motion decoding relied on motion streaks. Future studies
investigating classification of motion in fMRI data should
be careful to separate the effect of motion streaks on classifi-
cation from that of mechanisms more traditionally associated
with motion perception.
It should be noted that, although we refer throughout to
‘fast’ and ‘slow’ motions, indicating motion that is either
above or below the critical speed for motion streaks estab-
lished in previous psychophysical work, this is to some
extent an arbitrary dichotomy. It is likely that the tuning of
neurons to motion direction and orientation varies with
speed; this notion is supported by optical imaging and mod-
elling studies [5,6]. Moreover, the generation of ‘streaky’
motion depends not just on tuning but on the temporal
response profile of the small neuronal circuits involved in
processing motion in retinotopic cortices and MT. There is
therefore likely to be some form of monotonic relationship
between the speed of a stimulus and the magnitude of streak
signals it produces. Future studies could therefore investigate
this relationship by examining whether generalization from
motion direction to orientation varied parametrically with
motion speed, and the form of such a relationship.
It is important to note that even if the classifier had
exploited another aspect of visually evoked brain activitythan orientation-selectivity—for instance, radial bias
[38,39]—it is the orientation signal that must be relevant for
generalizing between static and moving stimuli, whether
this is a fine-grained signal or a relatively coarse pattern
[40]. Any bias due to motion would make comparisons
between different directions of motion more likely to general-
ize from fast to slow motion than from static orientation to
motion. We did not find generalization from fast to slow or
from slow to fast motion in any of the visual areas, which
is surprising in the light of previous models of motion
perception. Some studies report separate channels for high-
speed and low-speed motion [41–43], but an alternative
possibility is that the high-speed channel might combine
information from static, oriented signals with those from
opponent signals for direction. This is consistent with
Geisler’s original hypothesis that there are separate systems
for faster and slower motions. It is possible that more effec-
tive motion stimuli, such as drifting gratings, or more
spatially broadband dot stimuli, could generalize between
slower and faster motions.
We speculate that motion too slow to form streaks may be
processed by a system more akin to the classical model of
motion perception, where neurons sensitive to a particular
direction of motion are also most sensitive to orientations
orthogonal to their preferred direction [26–28]; this is consist-
ent with our psychophysical results. Conversely, as motion
becomes fast enough for streaks to provide a useful source
of information, the sustained orientation signal formed by
streaks excites neurons sensitive to orientations parallel to
the motion trajectory [1,3,5,6,44]. Our work has implications
for models of motion perception, both in understanding
human vision and in creating computer vision systems for
motion recognition [45]. In particular, it is possible that the
information from the two systems might be combined with
a weighting relative to their reliability, similar to the Bayesian
framework used for multisensory integration [46,47]; this
remains to be investigated.
Overall, our results provide support for the motion streak
hypothesis and represent the first evidence for the neural
representation of streaks in human early visual cortex.
This work was supported by the Wellcome Trust (G.R., D.S.S.),
the European Union ‘Mindbridge’ project (B.B.), the Australian
Federation of Graduate Women Tempe Mann Scholarship (D.A.),
the University of Sydney Campbell Perry Travel Fellowship (D.A.)
and the Brain Research Trust (C.K.). Data for the psychophysical
adaptation experiment, and the raw accuracies from the SVM analy-
sis, are available via Data Dryad: doi:10.5061/dryad.cp405. Owing to
ethical concerns, the original neuroimaging data cannot be made
freely available, given the privacy restrictions associated with the
possibility of reconstructing facial identity from the data. Data enqui-
ries for anonymized subsets of the original data can be made to the
corresponding author.References1. Geisler WS. 1999 Motion streaks provide a spatial
code for motion direction. Nature 400, 65–69.
(doi:10.1038/21886)
2. Burr D. 1980 Motion smear. Nature 284, 164–165.
(doi:10.1038/284164a0)
3. Geisler WS, Albrecht DG, Crane AM, Stern L.
2001 Motion direction signals in the primaryvisual cortex of cat and monkey. Vis.
Neurosci. 18, 501–516. (doi:10.1017/
S0952523801184014)
4. Skottun BC, Zhang J, Grosof DH. 1994 On the
directional selectivity of cells in the visual cortex to
drifting dot patterns. Vis. Neurosci. 11, 885–897.
(doi:10.1017/S0952523800003849)5. Mante V, Carandini M. 2005 Mapping of stimulus
energy in primary visual cortex. J. Neurophys. 94,
788–798. (doi:10.1152/jn.01094.2004)
6. Basole A, White LE, Fitzpatrick D. 2003 Mapping
multiple features in the population response of
visual cortex. Nature 423, 986–990. (doi:10.1038/
nature01721)
rspb.royalsocietypublishing.org
ProcR
SocB
280:20122339
9
 on May 12, 2015http://rspb.royalsocietypublishing.org/Downloaded from 7. Burr D, Ross J. 2002 Direct evidence that
‘speedlines’ influence motion mechanisms.
J. Neurosci. 22, 8661–8664.
8. Apthorp D, Alais D. 2009 Tilt after effects and tilt
illusions induced by fast translational motion:
evidence for motion streaks. J. Vis. 9, 1–11.
(doi:10.1167/9.1.27)
9. Apthorp D, Cass J, Alais D. 2010 Orientation tuning
of contrast masking caused by motion streaks.
J. Vis. 10, 11. (doi:10.1167/10.10.11)
10. Apthorp D, Wenderoth P, Alais D. 2009
Motion streaks in fast motion rivalry cause
orientation-selective suppression. J. Vis. 9, 10.
(doi:10.1167/9.5.10)
11. Maunsell JH, Van Essen DC. 1983 Functional
properties of neurons in middle temporal visual
area of the macaque monkey. I. Selectivity for
stimulus direction, speed, and orientation.
J. Neurophys. 49, 1127–1147.
12. Huk AC, Dougherty RF, Heeger DJ. 2002 Retinotopy
and functional subdivision of human areas MT and
MST. J. Neurosci. 22, 7195–7205.
13. Albright T. 1984 Direction and orientation selectivity
of neurons in visual area MT of the macaque.
J. Neurophys. 52, 1106–1130.
14. Kamitani Y, Tong F. 2005 Decoding the visual and
subjective contents of the human brain. Nat.
Neurosci. 8, 679–685. (doi:10.1038/nn1444)
15. Kamitani Y, Tong F. 2006 Decoding seen and
attended motion directions from activity in the
human visual cortex. Curr. Biol. 16, 1096–1102.
(doi:10.1016/j.cub.2006.04.003)
16. Haynes J-D, Rees G. 2005 Predicting the orientation
of invisible stimuli from activity in human primary
visual cortex. Nat. Neurosci. 8, 686–691.
(doi:10.1038/nn1445)
17. Brainard DH. 1997 The psychophysics toolbox.
Spat. Vis. 10, 433–436. (doi:10.1163/156856
897X00357)
18. Pelli DG. 1997 The VideoToolbox software for visual
psychophysics: transforming numbers into movies.
Spat. Vis. 10, 437–442. (doi:10.1163/
156856897X00366)
19. Watson AB, Pelli DG. 1983 QUEST: a Bayesian
adaptive psychometric method. Percept. Psychophys.
33, 113–120. (doi:10.3758/BF03202828)
20. Hansen BC, Essock EA. 2004 A horizontal bias in
human visual processing of orientation and its
correspondence to the structural components of
natural scenes. J. Vis. 4, 1044–1060. (doi:10.1167/
4.12.5)21. Mannion DJ, McDonald JS, Clifford CWG. 2010
Orientation anisotropies in human visual cortex.
J. Neurophysiol. 103, 3465–3471. (doi:10.1152/jn.
00190.2010)
22. Duda RO, Hart P, Stork DG. 2000 Pattern
classification, 2nd edn. London, UK: John Wiley
and Sons.
23. Vapnik V. 1995 The nature of statistical learning.
New York, NY: Springer.
24. Misaki M, Kim Y, Bandettini PA, Kriegeskorte N.
2010 Comparison of multivariate classifiers and
response normalizations for pattern-information
fMRI. NeuroImage 53, 103–118. (doi:10.1016/j.
neuroimage.2010.05.051)
25. Schwarzkopf DS, Sterzer P, Rees G. 2011 Decoding
of coherent but not incoherent motion signals in
early dorsal visual cortex. NeuroImage 15, 688–
698. (doi:10.1016/j.neuroimage.2010.04.011)
26. Movshon JA, Adelson EH, Gizzi MS, Newsome WT.
1985 The analysis of moving visual patterns. In
Pattern recognition mechanisms (eds C Chagas,
R Gattass, C Gross), pp. 117–151. Vatican City,
Italy: Pontifica Academia Scientiarum.
27. Adelson E, Bergen JR. 1985 Spatiotemporal energy
models for the perception of motion. J. Opt. Soc.
Am. A 2, 284–299. (doi:10.1364/josaa.2.000284)
28. Hubel D, Wiesel T. 1962 Receptive fields, binocular
interaction and functional architecture in the cat’s
visual cortex. J. Physiol. (Lond.) 160, 106–154.
29. Talairach J, Tournoux P. 1988 Co-planar stereotaxic
atlas of the human brain. New York, NY: Thieme
Medical Publishers.
30. Serences JT, Boynton GM. 2007 The representation
of behavioral choice for motion in human visual
cortex. J. Neurosci. 27, 12893–12899. (doi:10.1523/
jneurosci.4021-07.2007)
31. Krekelberg B, Vatakis A, Kourtzi Z. 2005 Implied motion
from form in the human visual cortex. J. Neurophys. 94,
4373–4386. (doi:10.1152/jn.00690.2005)
32. DeYoe EA, Carman GJ, Bandettini P, Glickman S,
Wieser J, Cox R, Miller D, Neitz J. 1996 Mapping
striate and extrastriate visual areas in human
cerebral cortex. Proc. Natl Acad. Sci. USA 93,
2382–2386. (doi:10.1073/pnas.93.6.2382)
33. Kolster H, Peeters R, Orban GA. 2010 The retinotopic
organization of the human middle temporal area
MT/V5 and its cortical neighbors. J. Neurosci. 30,
9801–9820. (doi:10.1523/jneurosci.2069-10.2010)
34. Kourtzi Z, Bulthoff H, Erb M, Grodd W. 2001 Object-
selective responses in the human motion area MT/
MST. Nat. Neurosci. 5, 17–18. (doi:10.1038/nn780)35. Maunsell JH, Newsome WT. 1987 Visual processing
in monkey extrastriate cortex. Annu. Rev. Neurosci.
10, 363–401. (doi:10.1146/annurev.ne.10.030187.
002051)
36. Anderson SJ, Burr DC. 1987 Receptive field size of
human motion detection units. Vision Res. 27,
621–635. (doi:10.1016/0042-6989(87)90047-2)
37. Lingnau A, Ashida H, Wall MB, Smith AT. 2009 Speed
encoding in human visual cortex revealed by fMRI
adaptation. J. Vis. 9, 1–14. (doi:10.1167/9.13.3)
38. Clifford CWG, Mannion DJ, McDonald JS. 2009
Radial biases in the processing of motion and
motion-defined contours by human visual cortex.
J. Neurophys. 102, 2974–2981. (doi:10.1152/jn.
00411.2009)
39. Chaimow D, Yacoub E, Ugurbil K, Shmuel A. 2011
Modeling and analyzing mechanisms underlying
fMRI-based decoding of information conveyed in
cortical columns. NeuroImage 15, 627–642.
(doi:10.1016/j.neuroimage.2010.09.037)
40. Freeman J, Brouwer GJ, Heeger DJ, Merriam EP.
2011 Orientation decoding depends on maps, not
columns. J. Neurosci. 31, 4792–4804. (doi:10.1523/
jneurosci.5160-10.2011)
41. Edwards M, Badcock DR, Smith AT. 1998
Independent speed-tuned global-motion systems.
Vis. Res. 38, 1573–1580. (doi:10.1016/S0042-
6989(97)00353-2)
42. Heinrich S, van der Smagt M, Bach M, Hoffmann M.
2004 Electrophysiological evidence for independent
speed channels in human motion processing. J. Vis.
4, 469–475. (doi:10.1167/4.8.469)
43. Krekelberg B. 2006 Interactions between speed and
contrast tuning in the middle temporal area:
implications for the neural code for speed.
J. Neurosci. 26, 8988–8998. (doi:10.1523/
JNEUROSCI.1983-06.2006)
44. Edwards M, Crane M. 2007 Motion streaks improve
motion detection. Vis. Res. 47, 828–833.
(doi:10.1016/j.visres.2006.12.005)
45. Rust NC, Mante V, Simoncelli EP, Movshon JA.
2006 How MT cells analyze the motion of visual
patterns. Nat. Neurosci. 9, 1421–1431. (doi:10.
1038/nn1786)
46. Alais D, Burr D. 2004 The ventriloquist effect results
from near-optimal bimodal integration. Curr. Biol.
14, 257–262.
47. Ernst M, Banks M. 2002 Humans integrate visual
and haptic information in a statistically optimal
fashion. Nature 415, 429–433. (doi:10.1038/
415429a)
